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Abstract
The processes related to urban development (urbanisation, densification, irrigation and wors-
ened air quality) are assumed to affect the urban hydrological cycle, but little is known about
the impact of the individual processes. One of the reasons for the knowledge gaps is the lack
of measurements for the needed resolution or for the period of interest. Reanalysis products
can provide the needed data, but those have not been evaluated in urban areas. Furthermore,
model evaluation is commonly made against eddy covariance (EC) measurements, but little
is known of the uncertainties related to often non-ideal instrument location at urban areas.
To answer the uncertainties in urban hydrological cycle, Surface Urban Energy and Water
Balance Scheme (SUEWS) forced with the WATCH Forcing Data is used. The analyses are
performed in cities located in different climate conditions (Vancouver, London and Beijing)
and above varying urban land covers (dense city centre and suburban areas). To understand
better the uncertainties related to model evaluation, uncertainties of EC method are analysed
using two identical EC systems at the same level close to each other in central Helsinki.
The most crucial reanalysis variables to correct are precipitation due to coarse spatial resolu-
tion and the incoming solar radiation due to haze. SUEWS performs well when forced with
corrected WATCH data, which allows detailed analysis of urban hydrological cycle. The irri-
gation has the dominant effect over densification and urbanisation on suburban hydrological
cycle. The densification increases the runoff as much as the initial urbanisation, even though
the increase of impervious surfaces is much smaller. The haze decreases evaporation which
increases runoff and soil infiltration especially at smaller daily precipitation totals. This is
expected to flush pollutants from surfaces and increase the pollutant loads of urban waters.
After the post-processing of the EC data, systematic uncertainties in latent heat flux origi-
nating from a single-point observation above dense city centre due to removal of large fraction
of wind disturbed data are only 8%. Thus, useful and representative EC observations can be
obtained from urban areas, despite the errors induced by the non-ideal location.
The results of this thesis answer the uncertainties in urban hydrological cycle by bringing
new knowledge of the dominant factors in the urban water balance and the representativeness
of reanalysis data in urban areas. The results can help urban planners to design sustainable
cities being able to mitigate and adapt to the common problems in urban hydrology.
Keywords: eddy covariance, modelling uncertainty, reanalysis data, SUEWS, urban hydrol-
ogy, urban climate, WATCH
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Increasing number of people live in urban environments (United Nations, 2014) and
are exposed to cities’ local climate. Urban areas commonly have high concentration
of atmospheric pollutants, increased heat stress, decreased evaporation and increased
risk of flooding compared to surrounding natural areas. All these phenomena influence
human well-being and one of the main aims of urban planning is to minimize their
negative effects. Only with research-based knowledge, urban planners are able to design
sustainable cities that can effectively adapt and mitigate to the problems related to
urban climate (Baklanov et al., 2018).
In addition to human comfort effects, many of the local climate phenomena have eco-
nomic effects and health costs. Especially flooding can cause massive economical costs.
For example, only in the European Union the annual economical losses due to flooding
are estimated to be 4.9 billion euros between years 2000–2012 (Jongman et al., 2014).
Furthermore in the future, increased risk of flooding caused by increased heavy rainfall
events due to climate change (Lenderink and van Meijgaard, 2008; Min et al., 2011;
O’Gorman and Schneider, 2009) and changes in land use (Rodriguez et al., 2003; Val-
tanen et al., 2014) is expected. The primary impact of urbanization comes from the
increase of impervious surfaces. Thus, the accurate determination of cover fraction of
impervious surfaces is critical in urban hydrological modelling (Ramamurthy and Bou-
Zeid, 2014; Tokarczyk et al., 2015). A secondary effect of urbanization on the water
balance is the loss of vegetation reducing evapotranspiration. These changes induced
by urbanization decrease water storage in soil as well as evaporation and therefore more
of the available water will be directed to surface runoff (Rodriguez et al., 2003). How-
ever, the impact of increased impervious surfaces to runoff due to further densification
of already existing urban structures (e.g. building of garages, terraces and driveways)
has still remained unstudied. Thirdly, garden irrigation can have a substantial effect on
the urban water balance especially in areas with many gardens (e.g. suburban areas)
(Best and Grimmond, 2016; Grimmond and Oke, 1986; Demuzere et al., 2014; Mitchell
et al., 2001b, 2003; Oke et al., 2017; Templeton et al., 2018). This effect could be
reduced by imposing regulations to garden irrigation. The detailed impacts of garden
irrigation regulations to urban hydrological cycle on different years with varying me-
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teorological conditions have not yet been studied, since previous studies have focused
on the short-term effects on the hydrological conditions (e.g. Demuzere et al., 2014) or
the cooling effect (e.g. Gober et al., 2009).
The exposure to atmospheric pollution causes up to 4 million premature deaths per
year worldwide (Cohen et al., 2017; Lelieveld et al., 2015). In addition to health
problems, air pollution also enhances climate change (Molina and Molina, 2004). The
aerosols in air attenuate the incoming solar radiation and therefore reduce surface
energy availability and turbulent heat fluxes (Kajino et al., 2017; Petäjä et al., 2016).
With less energy available at the surface also evaporation decreases. The increasing
atmospheric stability due to absorption of solar radiation by the aerosols can also lead
to an increased risk of heavy rainfall increasing substantially the risk of flooding (Fan
et al., 2015). In addition, even small rainfall totals flush pollutants from contaminated
surfaces to surface runoff water (Yufen et al., 2008). Therefore it is important to
understand the impact of air quality on hydrological cycle, on runoff in particular.
In recent years the air quality in urban areas has been deteriorating and especially
in developing countries the air pollution is a significant problem (Kan et al., 2012;
Kulmala, 2015; Mayer, 1999; Molina and Molina, 2004). With continuing economical
growth the air pollution is estimated to increase even further (Zhao et al., 2013). Even
though important advances have been made in the past, new studies are needed to
increase understanding of interactions between the air quality and regional and global
climate and the hydrological cycle (Baklanov et al., 2018).
Modelling of urban water balance and the effects of urbanization and atmospheric pol-
lution are needed in different climate conditions and city structures (e.g. city centre
and suburban areas) to be able to properly understand the problems in urban hydrom-
eteorology (here after simply hydrology). In order to make detailed modelling of the
urban hydrological cycle, location-specific meteorological observations with high tem-
poral resolution are needed to force the urban land surface and hydrological models
(Kanamitsu and Kanamaru, 2007; Wood et al., 2004). Although more urban observa-
tional sites have been installed (Barlow, 2014; Grimmond, 2006), direct observations of
required variables to force urban models are rare (e.g. Kulmala, 2018). Observations
are typically limited to individual sites in a few cities and do not address the diversity of
urban areas globally. Therefore, location-specific observations from urban areas of all
the needed variables in high enough resolution are lacking especially in the developing
countries (Grimmond et al., 2010a; IPCC, 2014; World Meteorological Organization,
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2015).
Here global reanalysis products can help by providing the essential variables for hy-
drological modelling in the areas where needed observations are unavailable, have too
coarse temporal resolution or the observations lack from the period of interest. Reanal-
ysis data are generated by using single consistent data assimilation method combining
meteorological models and a large amount of remote sensing and ground based ob-
servations creating consistent time series of multiple meteorological variables spanning
an extended period. Although there are multiple reanalysis products available (e.g.
ERA-Interim (Dee et al., 2011), JRA-55 (Kobayashi et al., 2015), MERRA (Rienecker
et al., 2011), NCEP (Kalnay et al., 1996), WFDEI (Weedon et al., 2014)), the spatial
resolution is typically coarse (e.g. 0.5◦). Therefore downscaling is needed prior to use
for local scale urban hydrological modelling (Bastola and Misra, 2014; Fowler et al.,
2007; Wilby et al., 2000). However, the reanalysis products have not yet been properly
evaluated for hydrological modelling at a local scale in urban environments especially
at the highly polluted cities in developing countries, since most of the previous studies
focus on urban heat island phenomena or larger scale hydrology (e.g. Früh et al., 2011;
Gooré Bi et al., 2017; Lemonsu et al., 2013).
Another issue is related to the evaluation of hydrological models. The eddy covari-
ance (EC) technique is the most direct method to measure the exchange between the
surface and the atmosphere and is commonly used for evaluation of land surface mod-
els (Grimmond et al., 2010b, 2011). Even though surface fluxes describe only certain
parts of land surface models, good correspondence between modelled and measured
heat fluxes also indicate smaller uncertainties in the other components of water and
energy balances which are commonly more challenging to measure. However, choosing
an ideal location for EC observations in urban areas is also challenging due to the
heterogeneity of urban surfaces and the limitations of EC setup placement due to lo-
gistical and safety restrictions. Thus flow distortion by adjacent obstacles or the setup
itself is especially common in urban environments (Barlow et al., 2011). In the past,
the two-tower approach has been used to estimate the uncertainties of EC technique
in natural environments (Hollinger and Richardson, 2005; Kessomkiat et al., 2013),
whereas the approach has not yet been used in urban areas.
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1.2 Objectives
This thesis aims to bring new knowledge in using downscaled reanalysis data in local
scale urban hydrological modelling and to understand the dominant factors in the
urban hydrological cycle. In addition, this thesis aims to improve understanding of the
uncertainties in urban EC observations that are commonly used to evaluate the model
performance. The following main questions will be addressed:
• What are the uncertainties in EC measurements commonly used to evaluate
urban land surface models? Paper I
• How well reanalysis products can be used as forcing data in urban hydrological
modelling and which variables are the most important to be corrected? Papers
II and IV
• What are the relative importance and effects of urbanization, densification and
irrigation on local scale hydrological cycle? Paper III
• How does air pollution modify the local urban hydrological cycle? Paper IV
In order to answer these questions, the WATCH reanalysis data (Weedon et al., 2011,
2014) are evaluated in multiple urban areas and corrections developed for the essential
variables. These corrected reanalysis datasets are then used as meteorological forcing
for the Surface Urban Energy and Water Balance Scheme (SUEWS; Järvi et al., 2011;
Ward et al., 2016) to model water balance in a variety of urban structures and climate




2.1 Surface energy and water balance
The surface energy balance is the fundamental starting point for understanding,
analysing and modelling the urban surface microclimates and the atmospheric bound-
ary layer. It describes the net result of energy exchanges by radiation, convection and
conduction between the urban surface and the atmosphere. The surface energy bal-
ance is an assessment of transfer and storage of energy, based on conservation of energy,
between an urban system and atmosphere as well as within that system (Oke, 1988).
The urban surface energy balances can be written for individual facets (roofs, walls,
roads, vegetation etc.)(Anandakumar, 1999; Arnfield, 2003; Asaeda and Ca, 1993; Oke,
1979), which can be a suitable approach when interested in microscale (10−2 to 103 m)
phenomena. However, in complete urban environments in local scale (102 to 5 × 104
m) or mesoscale (104 to 2× 105 m), where multiple facets are linked together forming
larger urban units (street canyons, city blocks, neighbourhoods) it becomes impractical
to deal with individual surfaces. Instead the urban surface energy balance is commonly
determined for a larger volume which represents the whole ecosystem of the urban unit
with energy sources (Arnfield, 2003; Grimmond et al., 1991; Kalanda et al., 1980; Oke,
1987, 1988; Oke et al., 2017). The urban surface energy balance for such a volume can
be written as (Oke, 1987)
Q∗ +QF = QE +QH +ΔQS, [W m−2] (1)
where Q∗ is the net all-wave radiation, QF is the anthropogenic heat flux, QE is the
latent heat flux, QH is the sensible heat flux and ΔQS is the net storage heat flux
(Figure 1a).
The water balance, which is the focus of this thesis, is linked to energy balance through
evaporation (QE = LvE; Lv is the latent heat of vaporization and E is evapotranspira-
tion, here after simply evaporation). The surface water balance is easier to determine
and make observations for natural catchments as it is the net result of precipitation,
evaporation, runoff and in/outflowing streams govern mainly by the topographic irreg-
ularities and gravity. However, in urban environment human activities and artificial
water sources and sinks make the determination of the water balance more compli-
cated. For example artificial pipe networks leading water in and out of the system as
9
Figure 1: Schematic illustration of urban surface (a) energy and (b) water balances. Q∗
is the net all-wave radiation, QF is the anthropogenic heat flux, QE is the latent heat
flux, QH is the sensible heat flux, ΔQS is the net storage heat flux, P is precipitation,
Ie is the net result of external piped water network, F is the anthropogenic water
emission, R is runoff and ΔS is the net change in surface and soil water storages.
Modified after Oke (1987).
well as clearing of the snow from the catchment area have to be taken into account.
In addition, significant amount of anthropogenic water emissions can be induced by
traffic, industrial processes and cooling systems (e.g. Moriwaki et al., 2008). A defini-
tion of urban catchment is not straightforward because it often does not have a well
defined perimeter, nor is the water channelled to a single basin exit. Therefore it is
more realistic to refer to urban hydrologic units (Oke et al., 2017), which have multiple
natural and anthropogenic inlets and outlets. Thus the urban surface water balance
for a single urban neighbourhood as a hydrologic unit applies to a volume, similar to
energy balance, and can be written as (Grimmond et al., 1986)
P + Ie + F = E +R +ΔS, [mm h
−1] (2)
where P is precipitation, Ie is the net result of external piped water network, F is the
anthropogenic water emission, R is runoff and ΔS is the net change in surface and soil
water storages (Figure 1b).
The evaporation for urban areas can be calculated using the Penman-Monteith equation




s(Q∗ +QF −ΔQS) + cpρV/ra
s+ γ(1 + rs/ra)
, (3)
where s is the slope of the saturation vapour pressure curve, cp is the specific heat
capacity, ρ is the density of air, V is the vapour pressure deficit of air, γ is the psycho-
metric constant, ra and rs are aerodynamic and surface resistances, respectively.
Atmospheric pollution modifies the urban energy and water balances by decreasing
solar radiation at the surface reducing surface energy availability and sensible and
latent heat fluxes (Kajino et al., 2017; Petäjä et al., 2016). The polluted layer absorbs
the incoming solar radiation and changes the vertical temperature profile leading to an
increased stability and therefore the boundary layer height is reduced (Petäjä et al.,
2016).
2.2 Eddy covariance technique
Observations are in a central role in the analyses of urban climate effects and under-
standing of the processes responsible. Given the growth of cities, in number and size,
the need for high resolution long-term observations in urban areas is probably greater
now than ever (Kulmala, 2018).
EC technique is the most direct way to measure the two turbulent terms of the energy
balance, QH and QE. The measurement of exchanges of heat, mass and momen-
tum between a flat, horizontally homogeneous surface and the atmosphere using the
EC technique was proposed by Montgomery (1948), Swinbank (1951) and Obukhov
(1951). However, instrumentation limitations restricted early implementation of this
approach. The design of modern running time anemometers with delay time mea-
surements were developed by Hanafusa et al. (1982) and Coppin and Taylor (1983)
and it has been the conventional approach to measure turbulent fluxes for 30 years in
different environments (Aubinet et al., 2012; Baldocchi et al., 1988; Grimmond, 2006;
Lee et al., 2004). The modern EC observation setup includes commonly an ultrasonic
anemometer, for measuring the three dimensional wind and sonic temperature and an
infrared gas analyser for measuring gas concentrations.
The observational challenge in the EC technique particularly in urban areas is to expose
the instruments appropriately, so that the recorded data provides useful and represen-
tative information of the study area. Thus, the EC observations should be made in the
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inertial sublayer (Grimmond et al., 2002; Grimmond, 2006; Oke, 2008) where the fluxes
are assumed to be approximately constant with height (Aubinet et al., 2012). Hence
the measurements are assumed to be representative of the underlying urban ecosystem
and free from the microclimatic effects of individual urban facets. In order to make
measurements in inertial sublayer in urban areas, the instruments should be placed at
least to 1.5 times the height of main roughness elements (buildings and trees) (Grim-
mond and Oke, 1999; Oke, 2008; Raupach et al., 1991; Rotach, 1999). In addition, the
instruments should be placed in narrow lattice towers to assure that the exposure of
the instruments is free from flow distortion (Roth, 2000). However, choosing an ideal
location for EC measurements in urban areas is hardly possible due to the heterogeneity
of urban surfaces. In addition, the limitations due to logistical and safety restrictions
and the need to have public acceptance, measurements often have to be made from
existing towers (e.g. telecommunication towers) or on top of buildings (Ao et al., 2016;
Brümmer et al., 2012; Keogh et al., 2012; Liu et al., 2012; Nordbo et al., 2013; Wood
et al., 2010), which are restricted in height and are bulkier than narrow lattice masts
which would minimize the effect of the structure itself on the measurements. Thus
the EC measurements at urban areas are not necessarily made completely free of the
impact of roughness elements even if the measurement height would be at a sufficient
height above the surrounding roughness elements.
Despite the challenges in EC measurements due to complexity and heterogeneity of
urban surfaces and logistical limitations, useful observations can be obtained, when
proper consideration of the placement of instruments have been taken (Oke, 2008).
2.3 Numerical modelling
Examining urban climate with observations alone is limited by the technological limita-
tions. In addition, some parts of the urban atmosphere are unreachable by observations
due to practical restrictions and predictions of the effects of future urban development
scenarios can not be made with measurements. Many urban effects are subtle in nature
and interactions are complex between the urban drivers. Therefore numerical models
are fundamental tools in analysing these effects by allowing real world complexity to
be simplified and by isolating certain processes of interest. Thus properly evaluated
numerical models can be important tools in urban planning and design.
Numerical modelling in general simulates real world phenomena using a set of equations
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that link meteorological properties to land surface processes (e.g. energy and water
balances). Depending on the type of model and its application, some of the equations
governing the land-surface interaction can be simplified or even omitted. For example,
urban models commonly focus on either airflow or surface energy fluxes, where the
other is handled with parametrisation rather than to fully model their interaction.
This ability to isolate certain processes is one of the defining attributes of numerical
models.
A variety of urban land surface models with varying complexity have been developed to
understand the urban land-surface interaction (Grimmond et al., 2010b, 2011). From
highly abstract models used only to guide research, to those used to predict and analyse
real world phenomena and simulate the urban climate under different urban develop-
ment scenarios. One of the first models to study urban energy balance was introduced
by Myrup (1969), that represented the urban environment as an extensive homoge-
neous surface. After that many urban land surface models have been developed, such
as simple single-layer urban canopy model (Kusaka et al., 2001), Building Effect Pa-
rameterization (BEP; Martilli et al., 2002), multilayer urban canopy model (Kondo
et al., 2005) and Community Land Model–Urban (CLM-Urban; Oleson et al., 2008).
Typically these models are designed to represent the urban energy balance of idealized
urban canopy consisted from various urban facets, but originally without the effect of
vegetation. In central downtown locations of major cities a model design without an in-
clusion of vegetation might be a reasonable simplification, but in many suburban areas
vegetation has a significant influence on urban latent heat flux (Best and Grimmond,
2016; Grimmond and Oke, 1986; Demuzere et al., 2014; Mitchell et al., 2001b, 2003;
Oke et al., 2017; Templeton et al., 2018, Paper III). The first international urban
model comparison experiment concludes also that the models with a representation of
vegetation performed much better in simulating latent and sensible heat fluxes than
the models neglecting it (Best and Grimmond, 2015, 2016; Grimmond et al., 2011) even
though urban land surface models tend to underestimate vegetative evaporation (Grim-
mond et al., 2010b, 2011). Therefore models which have the description of vegetation,
are important in understanding urban energy and water balances. Thus the newer
models (e.g. Surface Urban Energy and Water Balance Scheme (SUEWS; Järvi et al.,
2011, 2014) and SURFEX (Masson et al., 2013)) have the description of the vegetation
and the other above mentioned models have also included vegetation afterwards.
Also a variety of urban hydrological models have been developed to examine the wa-
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ter balance and flow within the urban areas (Peña-Guzmán et al., 2017; Obropta and
Kardos, 2007). One of the most used ones include EPANET (Rossman, 1993), Aquacy-
cle (Mitchell et al., 2001a) and Storm Water Management Model (SWMM; Rossman,
2015). However, these models are focusing mostly on water distribution in cities and
design of pipe networks. For example, the EPANET is commonly used to simulate the
potable water quality and its transport in the distribution systems (e.g. Kurek and
Ostfeld, 2013; Shang et al., 2008; Tabesh et al., 2009). The Aquacycle has been used
especially in studies of reuse schemes of storm water and waste water in cities (e.g.
Lee et al., 2010; Sharma et al., 2008; Zhang et al., 2009), since in the model storm
water and waste water can be stored separately and used in the source of supply in the
non-potable water applications. The SWMM has been used mainly in studies related
to design of pipe networks and dynamic flood routing (e.g. Jia et al., 2012; Meierdiercks
et al., 2010; Qin et al., 2013), since it includes schemes for flow depth of water in each
pipe of the study area and routing of above ground runoff along with pumps, regula-
tors, pipes and channels. However, the description of evaporation is often insufficient
in these models. Thus, the modelling community of the above mentioned hydrological
models, where the applications of the model results are more directly connected to
urban engineering, also benefit from the results of this thesis which brings improved
understanding of the urban effects on the hydrological cycle.
SUEWS model (Järvi et al., 2011, 2014, see Section 3.2) is used in this thesis (Papers
II, III and IV). The advantages of SUEWS are its ability to model both energy
and water balances, easy usability and forcing with commonly available meteorological
variables. This allows the usage of the model also when extensive amount of data for
forcing are not available, as for the studies of the past conditions (Paper III) or in the
areas where the available data are scarce (Paper IV). SUEWS has also been shown
to perform well against sensible and latent heat flux, runoff, soil moisture and snow
observations in varying climate conditions in different cities (e.g. Alexander et al., 2015;
Demuzere et al., 2017; Järvi et al., 2011, 2014, 2017; Karsisto et al., 2016; Ward et al.,
2016, 2018).
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Figure 2: Map showing the locations of the study areas.
3 Hydrological modelling
3.1 Study sites and measurements
The study areas cover a wide range of urban structures in different climates around
the globe (Figure 2). The study areas in Helsinki, London and Beijing are within a
dense city centre locations whereas the Vancouver study sites, Oakridge and Sunset,
are located at suburban residential areas. The site characteristics are ranging from 53%
of impervious surfaces with 47% of vegetation and population density of 28 inh ha−1
in Oakridge to 81% of impervious surfaces with only 5% of vegetation and population
density of 310 inh ha−1 in London (Figure 3, Table 1). All of the study areas have me-
teorological observation stations including eddy covariance towers allowing evaluation
of the model results and reanalysis data (Table 2). In addition, Helsinki study site has
two identical EC setups which allow analysis of the uncertainties in EC observations
when comparing the results.
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Table 1: Study site characteristics.
Helsinkia Vancouverb Londonc Beijingd
Oakridge Sunset
Latitude (WGS84) 60◦10’N 49◦13’N 49◦13’N 51◦30’N 39◦58’N
Longitude (WGS84) 24◦56’E 123◦08’W 123◦05’W 0◦7’W 116◦22’E
Time zone UTC+2 UTC-8 UTC-8 UTC UTC+8
Study height (m agl) 60 28 28 49 47
Base elevation (m asl) 15.2 85 82 12 60
Study area (ha) 196 22.5 14.9 78.5 314.2
Population density (inh ha−1) 81 26 82 310 142
Fraction of buildings 0.37 0.24 0.29 0.38 0.24
Fraction of paved surfaces 0.40 0.29 0.37 0.43 0.46
Fraction of trees/shrubs 0.15 0.14 0.07 0.02 0.13
Fraction of grass 0.07 0.33 0.27 0.03 0.16
Fraction of water 0.01 0.00 0.00 0.14 0.01
Mean building height (m) 24.0 6.0 5.9 22.0 19.1
Mean tree height (m) 8.3 8.0 7.1 13.1 8.0
aFrom Nordbo et al. (2015)





























































































































































































































































































































































































































































































































































































































































































































































































































Figure 3: Surface characteristics of the study areas. Data from Table 1.
3.1.1 Helsinki
Helsinki experiences cold temperate climate with significant influence of the sea (Ker-
salo and Pirinen, 2009). The precipitation is generally evenly distributed throughout
the year with high monthly precipitation totals during summer and late fall (Kersalo
and Pirinen, 2009).
The study site is in central Helsinki and the measurements are located next to masonry
on top of the Hotel Torni building. The surrounding area is fairly homogeneous with
mean building height of 24 m. The centre of Helsinki is located at a peninsula, but
previous analysis have shown that the flux footprint lies above the city and not the
sea (Auvinen et al., 2017; Kurppa et al., 2015). Two identical instrument setups
(Table 2) were installed on the opposite sides of a bulky masonry on top of the Hotel
Torni building tower with a distance of 10 m apart from each other, which indicates
that both systems are measuring virtually the same source area. This allows the
analysis of uncertainties caused by a single urban EC measurement by comparing the
measurements of the two identical setups.
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3.1.2 Vancouver
Vancouver experiences maritime temperate climate (Oke and Hay, 1994). The winter
time precipitation totals are approximately four times the summer precipitation totals
and therefore there is a substantial amount of garden irrigation in Vancouver during
summer months (Grimmond and Oke, 1986).
The study sites in Vancouver are two suburban areas (Oakridge and Sunset) located
approximately 3 km apart in a fairly flat terrain. Both areas have 1–2 storey single-
family dwellings with mean building height of 6.0 and 5.9 m, respectively, but have
different land cover fractions and lot sizes. The more prosperous (e.g. Statistics Canada,
1988) Oakridge area has bigger lots and houses and well maintained gardens with more
automatic irrigation systems than Sunset area.
3.1.3 London
London experiences maritime temperate climate, which is occasionally influenced by
continental weather that brings cold spells in winter and hot and humid weather in the
summer (Met Office, 2016). The precipitation in London is generally evenly distributed
throughout the year, with significant amounts of convective rainfall in the summer (Met
Office, 2015).
The London study site is located in central London at the rooftop of King’s College.
The study area is the central business district of Westminster, which has an extensive
amount of impervious surfaces (81%), mean building height of 22 m and insignificant
irrigation. The area has a large daytime population and high volume of traffic (Greater
London Authority, 2015), which makes anthropogenic heat fluxes an important part
of the energy balance (Ward and Grimmond, 2017; Ward et al., 2018).
3.1.4 Beijing
Beijing experiences monsoon driven continental climate (Domrös and Peng, 1988) and
suffers from severe atmospheric pollution (Kulmala, 2015). The winter time in Beijing
is very dry and most of the precipitation comes during the summer monsoon season
(Beijing Municipal Bureau of Statistics, 2016).
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Figure 4: Surface cover of the study area around the 325 m IAP tower. Tall buildings
(over 50 m) are shown in red color. Modified after Murto (2017).
The study site is around the 325 m high Institute of Atmospheric Physics (IAP) mete-
orological tower in the northwest part of Beijing. At the time the tower was built the
surroundings were lower built up area and rural croplands. As a result of rapid urban
sprawl, the tower is nowadays located at a densely built urban area. The measurements
are made at the 47 m level which from some wind directions (mainly from southwest
and northwest) is in the roughness sublayer due to high-rise buildings (Figure 4; Miao
et al., 2012) and therefore the EC data from these wind directions (314–3◦, 40–45◦,
112–128◦, 160–243◦) are filtered out (34% of the data). From other wind directions the




The hydrological modelling in this thesis is conducted using the Surface Urban Energy
and Water Balance Scheme (SUEWS; Järvi et al., 2011, 2014). SUEWS is an urban
land surface model that simulates the surface energy and water balances at the local
scale (neighbourhood scale), which corresponds to the spatial scale used in planning and
design related to land use and infrastructure in cities (Kellett et al., 2013). SUEWS
has seven parallel hydrologically connected surface types (buildings, paved surfaces,
evergreen trees/shrubs, deciduous tree/shrubs, grass and water; Figure 5). Underneath
each layer there is a single soil layer excluding the water surface. The model is run
with 5 min time step to allow rapid response to the changes in the water balance.
The evaporation is calculated for each surface using the Penman-Monteith equation
(Monteith, 1965; Penman, 1948) modified for urban environments (Grimmond and
Oke, 1991) and runoff from a running water balance (Grimmond and Oke, 1991; Järvi
et al., 2011). The fluxes calculated for an individual time step are a function of the
proportion of the component surface types in the area.
SUEWS has several submodels (e.g. for net all-wave radiation, irrigation and an-
thropogenic heat flux) designed to minimize the needed input data. The irrigation
submodel is important especially for Paper III, where the impact of various irrigation
scenarios on urban hydrological cycle are explored. SUEWS can run without exten-
sive computing power forced with commonly available meteorological data (wind speed
(U), relative humidity (RH), air temperature (Ta), pressure (p), precipitation (P ) and
incoming solar radiation (K↓)) and information about the surface characteristics of the
modelled area, including plan area fractions, tree and building heights and population
density.
SUEWS performance and sensitivity to input variables and model parametrisation
has been extensively evaluated in the earlier studies for multiple variables in different
climates (e.g. Alexander et al., 2015; Demuzere et al., 2017; Järvi et al., 2011, 2014,
2017; Karsisto et al., 2016; Ward et al., 2016, 2018) and the model has been found
to perform well in modelling sensible and latent heat fluxes in comparison with other
urban land surface models (Grimmond et al., 2010b, 2011). Additional evaluation of
SUEWS performance and sensitivity testing are made in this thesis (Papers II, III
and IV).
21
Figure 5: The surface types and water flows in the SUEWS model. P is precipitation,
E is evaporation, Ie is irrigation, R
Soil
Total is total soil runoff, R
Pipe
Total is total pipe runoff,
RAbove groundTotal is total above ground runoff. Total surface runoff is a sum of R
Pipe
Total and
RAbove groundTotal . Modified after Ward et al. (2017).
3.3 Reanalysis forcing data
The reanalysis data used and evaluated in this thesis (Papers II, III and IV) are
the WATCH Forcing Data WFD (1919–1979; Weedon et al., 2011) and WFDEI (1980–
2013; Weedon et al., 2014). These datasets have been derived specifically for the
hydrological modelling from ERA-40 (Uppala et al., 2005) and ERA-Interim (Dee et al.,
2011) reanalysis products via sequential interpolation to half-degree spatial resolution
and 3 to 6 h temporal resolution. For the precipitation, WATCH data provides two
alternative bias correction methods: the Climatic Research Unit Time Series (CRU;
Harris et al., 2014) and the Global Precipitation Climatology Centre (GPCC; Schneider
et al., 2013). The GPCCv4/v5/v6 bias corrections are used in this thesis since the
number of stations used for the bias correction is much higher (Weedon et al., 2011)
and it has shown to perform better in hydrological modelling (Essou et al., 2016).
In order to have realistic forcing data for local scale urban hydrological modelling from
WATCH data, a few corrections are needed due to coarse spatial resolution (Papers
II and IV) and the lack of description of urban environments in IFS-model used in
production of ERA-Interim reanalysis. First, the air temperature and pressure are
adjusted to simulation height using environmental lapse rate (Γ = −6.5 K km−1) and
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the hypsometric equation (Weedon et al., 2010). Second, in order to remove bias be-
tween the WATCH precipitation representing 0.5◦grid and local city precipitation rates,
the reanalysis precipitation is corrected using bias correction with quantile mapping
(BCQM, see Section 3.6) for the daily totals (Paper II). Third, the incoming solar
radiation is corrected to account for the additional effect of local air pollution (Paper
IV) using correction factors obtained from the observations of incoming solar radiation
and aerosol optical depth.
3.4 Surface characteristics
In order to capture the effect of densification on local urban hydrological cycle (Paper
III), the detailed surface cover fractions need to be determined at the scale of individual
lots. Even the latest algorithms are not able to determine the cover fractions from older
aerial photographs with poor quality in sufficient detail (Tokarczyk et al., 2015) and
therefore the fractions have to be analysed manually for Paper III (Figure 6).
Other surface characteristic needed by SUEWS (population density for calculation of
QF , building and tree height for calculation of aerodynamic roughness length and zero
displacement height) can be obtained from the census data (Vancouver, Beijing) and
the lidar scans of the study area (Helsinki, London). If this data is not available for
the analysed period, the characteristics have to be derived indirectly. In Paper III
the tree height is determined using urban tree growth models described in McPherson
et al. (2016a) with empirical equations from McPherson et al. (2016b) due to lack of
historical data.
3.5 Experimental setup
In Paper I EC observations using two identical measurement systems are performed
in central Helsinki between July 2013–September 2015. The raw EC data are sam-
pled with a 10 Hz frequency, from which the 30 min flux values are calculated using
commonly accepted methods (Nordbo et al., 2012).
In Paper II a full year is simulated with SUEWS (V2016a) in London and Vancouver
Sunset (2012 and 2009, respectively) for the EC footprint area. Vancouver Oakridge is
23
Figure 6: Exmples of surface cover fractions determined manually from aerial pho-
tographs for Oakridge and Sunset neighbourhoods in Vancouver for one example block
of the study areas (upper panels) for different years. Adapted from Paper III.
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simulated for 22 January 1982–21 January 1983 for the water monitoring area (Grim-
mond and Oke, 1986). Simulations are made using hourly, locally measured data and
WATCH WFDEI reanalysis data. The WFDEI data are interpolated from 3 h to 1 h
resolution and further to 5 min time step of SUEWS within the model. The WFDEI
precipitation data are bias corrected using BCQM method.
In Paper III SUEWS is run between 1919–2010 in Vancouver Oakridge and Sunset
using the first year as a spin-up leaving years 1920–2010 for the analyses. The simula-
tions are made using WATCH WFD (1919–1979) and WFDEI (1980–2010) reanalysis
data. The 3 to 6 h resolution WATCH data are first interpolated to 1 h resolution,
which is the recommended temporal resolution of the forcing data for SUEWS V2016a.
The forcing data are further interpolated to 5 min time step of SUEWS within the
model. The WFDEI precipitation data are bias corrected using BCQM method.
In Paper IV the simulations are made between 2000–2013 in Beijing. Spin-up for one
year leaves 2001–2013 for the analyses. The WFDEI reanalysis data are interpolated
from 3 h temporal resolution straight to 5 min time step of SUEWS (V2017b) within
the model. The WFDEI precipitation data are bias corrected using BCQM method
and incoming solar radiation data are corrected using regression coefficients determined
from observations.
3.6 Statistical methods
Statistical analysis in this thesis are performed using commonly used methods. The
correlations among different variables are analysed using Pearson’s correlation coef-
ficient (R), root mean square error (RMSE) and RMSE normalised with standard
deviation of observations (nRMSE), mean bias error (MBE), MBE normalised with
mean of observations (nMBE), mean absolute error (MAE) and MAE normalised with
mean of observations (nMAE). A Lowess smoothing (Cleveland, 1979, 1981) is applied
to a scatter of incoming solar radiation and AOD observations in Paper IV prior to
calculating the regression coefficients.
The quality of EC data in Paper I is evaluated using stationarity (FS), skewness (SK)
and kurtosis (K ). FS provides information about the stationarity of the flux measure-
ments and SK and K provide information about the form of the probability function
of the measured concentration, temperature or wind speed (Vickers and Mahrt, 1997).
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The relative random error (RRE) of the vertical flux of scalar is calculated following
the method in Lenschow et al. (1994). The power and cospectra of fluxes are calculated
according to Stull (1988).
The precipitation is corrected in Papers II, III and IV using bias correction with
quantile mapping (BCQM) following the methods in Räty et al. (2014) and Räisänen
and Räty (2013). This method is widely used in bias correction of temperature and
precipitation data for climate projections and hydrological models (e.g. Dosio and
Paruolo, 2011; Piani et al., 2010; Sun et al., 2011).
The long-term changes of daily runoff events in Paper III are evaluated using occur-
rence frequency analysis calculated with empirical Weibull (1939) formula, which is a
method recommended by World Meteorological Organization (2011) for hydrological
return period analysis. The long-term trend analysis are made using the Mann-Kendall
trend test (Kendall, 1975; Mann, 1945), which is one of the most widely used methods
to detect trends in hydrological time series (e.g. Hirsch et al., 1982; Lins and Slack,
1999; Pechlivanidis et al., 2017).
The performance of the model runs and WFDEI variables in Paper IV are evaluated
using a Taylor (2001) diagram.
In addition to the comparison of medians of the results from Paper IV, a two-tailed
Student’s t-test is applied to examine the statistical significance of the results compared.
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4 Key results
4.1 Uncertainties in eddy covariance measurements
The filtering of the data from the flow distortion areas of the two identical instrument
setups (EC1 and EC2), due to the masonry of the building, removes 27% of the EC1
data and 38% of the EC2 data. The emissions of greenhouse gases in cities are com-
monly calculated from emission inventories on an annual level and the removal of the
EC data can cause systematic errors in the annual cumulative fluxes. Therefore it is
also important to understand the biases of annual cumulative fluxes in the observations.
For latent and sensible heat fluxes this is not as important, but in order to eliminate
the random error, the biases in these fluxes are analysed also on an annual level.
For the calculation of annual cumulative latent and sensible heat fluxes, EC1 and EC2
are both gap-filled with their own median cycle using a 3 month period around the
month being gap-filled with a separation to workdays and weekends (and holidays).
Also combination of EC1 and EC2 is used by taking the data in the flow distortion
areas from the undisturbed instrument setup and for the other directions the mean
of the two systems is calculated. To estimate the bias caused by the single point
measurement, the data of each of the setups are compared to annual cumulative fluxes
combined from both of the setups. Even though the measurement location of the
two EC systems is not ideal and it leads to rather large removal of the data due to
the flow distortion, the possible bias caused by the single point measurement is an
underestimation of 8% for the latent heat flux (5% for QH) when compared to flux
obtained from combination of the two systems. This indicates that single point EC
observations can produce reasonable estimations of latent and sensible heat fluxes even
in complex urban environments with non-ideal instrument location with wide flow
distortion area when the surrounding urban surface is relatively homogeneous.
Even though the filtering of the EC data from the Beijing IAP tower removed 34% of
the data due to the flow distortion from certain wind directions (Section 3.1.4), based on
the results in Paper I, the remaining data can be assumed to be representative of the
conditions on the remaining source area with fairly homogeneous surface characteristics.
The random uncertainties of flux measurements have been determined in past studies
above vegetated ecosystems using the two-tower approach (Hollinger and Richardson,
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Figure 7: Relative random error (RRE) for (a) daytime (solar elevation angle >0◦) and
(b) night-time (solar elevation angle ≤0◦) momentum (wu), heat (wT ), CO2 (wc) and
water vapour (wh) covariances from the two systems EC1 and EC2 outside the flow
distortion sectors. Whiskers and boxes represent the 10th, 25th, 50th, 75th and 90th
percentiles. Adapted from Paper I.
2005; Kessomkiat et al., 2013). The assumption in the method is that the two time
series should be independent from each other, which is not true in this case since both
of the systems are measuring the same footprint. However, the relative random error
(RRE) can still be calculated independently for the two systems to get an understand-
ing of the random uncertainties of the EC measurements in this case. The random
uncertainty in latent heat flux is approximately 18% (13% in QH) with night-time un-
certainties being slightly larger than daytime (Figure 7). In addition, the coefficient of
determination (R2) between the two systems is assumed to be also a measure of the
random uncertainty. Theoretically when RRE is high R2 should be low. The R2 of
latent heat flux is found to be 0.79 in daytime and 0.66 in night-time. It is expected
result that the random uncertainties are larger during the night-time when the fluxes
are smaller. The random uncertainties found at this study in dense urban environment
are slightly larger but in the same order of magnitude as observed earlier above veg-
etated ecosystems (Hollinger and Richardson, 2005; Kessomkiat et al., 2013; Peltola
et al., 2015; Post et al., 2015).
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4.2 Evaluation and corrections of the reanalysis data
Evaluation of WATCH WFDEI reanalysis data (Weedon et al., 2014) is performed in
Papers II and IV. The effects of reanalysis input data to biases of SUEWS results
are evaluated using sensitivity tests of individual reanalysis variables in Vancouver and
London (Paper II). SUEWS is run with observed forcing data while each variable is
systematically replaced with the WFDEI equivalent. The modelled annual cumulative
evaporation and runoff using the different combinations of forcing data are then com-
pared to the control run (observed forcing data for all input variables). The evaluations
in Paper II are made on an annual level, since the long-term analyses in Paper III
focus mainly on annual values.
The model bias increases the most when changing uncorrected WFDEI precipitation
data in otherwise observed forcing data, while RH being the second most important.
The uncertainty caused by the uncorrected WFDEI precipitation to annual cumulative
evaporation is 14–26% and runoff 7–39% when compared to the control run. The
biases induced by WFDEI RH when compared to the control run are 3–9% and 1–2%
for evaporation and runoff, respectively. Other WFDEI variables (U, Ta, K↓ and p)
have only minor effect on modelled evaporation and runoff in rather clean environments
of Vancouver and London, with bias up to 4% when compared to the control run.
Based on the results of Paper II, precipitation is the most crucial input variable
to correct in order to have realistic model results using SUEWS forced with WFDEI
reanalysis data. Therefore bias correction using quantile mapping (BCQM, see Section
3.6) is applied to WFDEI precipitation to correct the biases in the reanalysis data in
Vancouver, London and Beijing (Papers II, III and IV). In Vancouver the daily
cumulative WFDEI precipitation overestimates the precipitation totals in all of the
intensity bins, while in London and Beijing the daily totals are slightly overestimated
only with smaller daily totals and underestimated with higher daily totals (Figures
8 and 9). After the BCQM correction applied, the WFDEI precipitation follows the
observations rather well except in Oakridge which still has substantial biases: 21.7%,
3.9%, 1.6% and -5.9% deviation from the observed annual cumulative precipitation in
Oakridge, Sunset, London and Beijing, respectively. The BCQM correction decreases
the biases in model results of evaporation for 4–15% and runoff for 0–20%, resulting to
overestimation of 10–11% in evaporation and biases from -7 to +19% in runoff, when
comparing to the control run in Paper II.
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Figure 8: Quantile-quantile plots for uncorrected WFDEI daily precipitation and
BCQM corrected daily precipitation versus observed precipitation (1990–2008 in a)
Vancouver and 1979–2012 in b) London). Both Vancouver study sites (Oakridge and



















































































































































Figure 9: Quantile-quantile plots for uncorrected WFDEI daily precipitation and
BCQM corrected daily precipitation versus observed precipitation (1980–2012) in Bei-
jing. Adapted from Paper IV.
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The most important input variables for hydrological modelling with SUEWS have been
identified in earlier studies (Alexander et al., 2015; Ward and Grimmond, 2017, Paper
II). In Paper IV the same variables of WFDEI data are evaluated in highly polluted
Beijing. The overestimation of WFDEI K↓ increases with the level of pollution when
compared to observations (nMBE: -0.01, 0.00, 0.08, 0.28; fairly clean (AOD<0.203),
low pollution (0.203–0.438), polluted (0.438–1) and extremely polluted air (>1), respec-
tively), which indicates that the attenuating effect of haze on incoming solar radiation
is not properly accounted for in the WFDEI reanalysis data. This is presumably re-
lated to the large grid size of the WFDEI data and the insufficient description of urban
aerosol processes (e.g. neglecting urban secondary nucleation). Therefore WFDEI K↓
is corrected using observations between 2006–2009 from the 325 m IAP measurement
tower (Table 2) separately for thermal summer months (Apr–Sept) and winter months
(Oct–Mar) due to slightly different behaviour. Regression coefficients are calculated
for observed K↓ normalised with clear sky radiation (ISC × cos θz, where ISC is solar
constant (1367 W m−2) and θz is the solar zenith angle) versus AOD after Lowess
smoothing applied to scatter. This correction improves substantially the WFDEI K↓
making the different air quality levels equally good corresponding well with the ob-
served behaviour (nMBE: -0.01, 0.00, -0.03, -0.03 from clean to extremely polluted
conditions)(Figure 10). The other evaluated variables (RH and Tair) correlate well
with the observations (R>0.68) and the nMBE is rather good (<0.26) and the perfor-
mance is equally good with different pollution levels (Figure 10), so there is no need for
bias correction. However, there are still substantial biases in P even after the BCQM
correction, since the bias correction does not work as well for the high pollution levels
due to low amount of precipitation during the more polluted conditions
Earlier sensitivity tests show that the model sensitivity to input variables depends on
the type of urban area in focus. When the study site is in a suburban area (LCZ 6;
Stewart and Oke, 2012), the model is more sensitive to the accuracy of the meteorologi-
cal input data than for the description of land cover (Alexander et al., 2015). However,
for dense city centre areas (LCZ 2) the land cover description is more crucial and the
model is rather insensitive to the quality of the meteorological input data (Alexander
et al., 2015).
The reanalysis datasets are openly available with global coverage and therefore provide
accessible and easy to use input data needed for hydrological modelling. Thus, the
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Figure 10: Taylor diagram (Taylor, 2001) for hourly (a) relative humidity (RHWF ), (b)
air temperature (Tair,WF ), (c) incoming solar radiation (K↓WF and daily (d) precipita-
tion (PWF ) with corrected WFDEI data assessed with IAP observations stratified by
air quality, and hourly modelled (e) sensible heat flux (QH) and (f) latent heat flux
(QE) against eddy covariance IAP observations from 47 m height for 2006–2009. The
pollution levels are: extremely polluted (AOD>1), polluted (0.438–1), low pollution
(0.203–0.438) and fairly clean air (<0.203). The radial axis is normalised standard
deviation, angular axis is correlation coefficient and brown dashed lines indicate nor-
malised root-mean square error. See Section 3.6 for statistics explanation. Adapted
from Paper IV.
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for the local scale in urban areas will benefit meteorological modelling in urban areas
and engineering modellers. The methods used in this thesis to evaluate and downscale
reanalysis data can presumably be utilized globally in varying urban environments.
4.3 Evaluation of SUEWS
The evaluations of SUEWS in modelling latent heat flux against eddy covariance obser-
vations are performed in Vancouver, London and Beijing (Papers II and IV). SUEWS
forced with corrected WFDEI reanalysis data (see Section 3.3) is underestimating the
annual cumulative evaporation by 15% in Sunset for 1982 and overestimating by 31% in
London for 2012. The underestimation in Vancouver Sunset is an expected result since
urban land surface models tend to underestimate vegetative evaporation (Grimmond
et al., 2010b, 2011). Thus, the model results with observed forcing data also underes-
timate the evaporation by 18% in Sunset. Therefore the underestimation in Sunset is
expected to be linked to the description of evaporation in SUEWS rather than biases in
WFDEI forcing data. However, the overestimation in London is expected to be due to
the proximity of River Thames to the EC measurements. The surface cover fractions in
SUEWS are calculated for the source area of EC observations leading to 14% of open
water, which causes large evaporation rates. However, the river itself does not affect
the EC observations as much partly because potential internal boundary layers forming
over the water surface might not develop to the height of the EC tower (Kotthaus and
Grimmond, 2014b). The overestimation in London is 23% when using observed forcing
data.
SUEWS model performance is relatively independent of air quality since the effects are
included in the input variables K↓, Ta and RH. As the incoming longwave radiation
(L↓) emitted by the sky is calculated in SUEWS from Ta and RH, which have positive
correlation with the increasing level of pollution in Beijing (e.g. Cai et al., 2017; Chen
and Wang, 2015; Wu et al., 2017, Paper IV), the positive correlation of L↓ and
air quality is successfully reproduced by SUEWS. The incoming longwave radiation
is not evaluated due to lack of observations, but the increasing L↓ with the level of
pollution follows rather well the assumption reported in earlier studies that the aerosols
emit more longwave radiation with increasing amount of air pollution (e.g. Cao et al.,
2016; Jacobson, 1998). Therefore, the model performance is reasonably good when
comparing to IAP EC observations and does not decrease substantially with increasing
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AOD (Figure 10) making the different pollution levels generally comparable with each
other (R>0.73, nRMSE: 0.58 to 0.81 from clean to extremely polluted conditions).
The SUEWS model performance in Vancouver, London and Beijing forced with the
corrected WFDEI reanalysis data is similar to SUEWS performances in other studies
in Vancouver, Los Angeles, London and Swindon using observed forcing data (e.g.
Järvi et al., 2011; Ward et al., 2016). In addition, other local scale urban models used
previously in Beijing have had similar performance in modelling latent and sensible heat
fluxes (e.g. Liang et al., 2018). Even though surface fluxes describe only certain parts
of land surface models, good correspondence between model results and observations of
sensible and latent heat fluxes indicate smaller uncertainties also in other components
of water and energy balances which are commonly much harder to evaluate. Therefore
model results of SUEWS forced with corrected WFDEI reanalysis data can be used
relatively reliably in all of the study sites in this thesis, even in the highly polluted
Beijing.
4.4 Factors affecting urban hydrological cycle
As the model performs well in all of the study sites, it allows detailed analyses of the
effects of urban development on the local scale urban hydrological cycle. To understand
the proportional effects of urban development processes (urbanisation, densification,
increased irrigation, worsening air quality) and to identify the most important factors,
different processes are examined also individually (Papers III and IV).
Garden irrigation has a dominant impact on the urban hydrological cycle over the
urbanization and densification (Figure 11; Paper III) at the two suburban study sites,
Oakridge and Sunset, in Vancouver (Section 3.1.2). This is expected as the irrigation
accounts up to 56% of the water input annually and up to 89% during the irrigation
period (May–August), based on the model results using realistic irrigation scheme
(irrigation started in 1951) and taking into account lawn watering restrictions from
1992 onwards in Vancouver. Annual cumulative surface runoff is linearly dependent
on the amount of irrigation. When irrigation is doubled, runoff increases 38% and
37% in Oakridge and Sunset, respectively (Figure 12). However, evaporation increases
rapidly with smaller annual irrigation totals to a threshold value of 300 mm year−1
which after it is energy limited and the excess water is going to runoff and is not
usable by the garden and its plants. Similar thresholds of evaporation have been
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Figure 11: Annual (lighter curves) and 10-year running mean (bold curves). (a, b)
Evaporation (E) and (c, d) runoff (R) for the (a, c) base run and (b, d) no irrigation
run over the study period. Start of the irrigation period (1951, blue vertical-dashed
line) and start of irrigation restrictions (1992, black vertical-dashed line). Adapted
from Paper III.
found and used to determine the reasonable amount of irrigation using EC observations
over irrigated urban lawns (e.g. Danielson et al., 1980). The residents in Vancouver
do not pay based on consumption of water but a fixed amount and therefore the
irrigation restrictions are important control mechanism. Using different combinations
of irrigation restrictions in model runs, a stricter restriction (irrigation allowed once
per week) can be recommended, which would allow sufficient amount of water for the
gardens, but it would prevent the excess irrigation occurring especially in the more
prosperous Oakridge (up to 956 mm year−1 with current restrictions).
Without irrigation, evaporation and runoff would have had rather similar linear trends
due to urbanization and densification at both study sites: decreasing trend in evapo-
ration of 1.3 and 1.4 mm year−1 increasing trend in runoff of 3.9 and 4.0 mm year−1 in
Oakridge and Sunset, respectively (Figure 11). The effects of urbanization and densi-
fication on runoff are further analysed by the dependence of annual runoff coefficients
(runoff normalised with precipitation) on the annual precipitation in three decade long
development periods to understand how the coefficients have changed: early stage of
urbanization (1921–1930), middle (1961–1971), and mature (2001–2010). There is a
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Figure 12: Annual (a) runoff (R) and (b) evaporation (E) as a function of irrigation
(Ie). The grey areas are nonsimultaneous functional bounds with 95% cinfidence level.
The vertical dashed line is the 300-mm threshold after which the excess water will go
to R and not to E. Adapted from Paper III.
clear increase in the runoff coefficients over each decade (i.e. more runoff produced
from precipitation) (Figure 13). The differences between the fit lines for early and
middle phase of urbanisation are due to the initial urbanisation, but the differences
between the fit lines for middle and mature phase of urbanisation are due to the den-
sification especially in Oakridge since all the current built lots were developed by the
mid-1950s and the densification is due to the building of larger garages, terraces and
driveways and expanded houses (Figure 6). The impact of densification increases the
runoff coefficient approximately as much as the initial urbanisation even though the
increase of impervious fraction is much smaller: change in impervious cover fraction up
to 0.4 and up to 0.48 due to urbanisation in Oakridge and Sunset, respectively; and up
to 0.13 and up to 0.20 due to densification. The increase of annual runoff coefficients
are 0.057 and 0.060 due to urbanisation in Oakridge and Sunset, respectively; and
0.060 and 0.067 due to densification, calculated from the differences of the medians of
these decade long urbanisation phases. This is because the infiltration capacity is filled
more rapidly when the fraction of pervious surfaces is decreasing. The initial urban-
isation already induced large amount of impervious surfaces and therefore the small
increase of impervious surfaces induced by densification fills the infiltration capacity
of the remaining pervious surfaces more rapidly and more of the incoming water will
go to runoff. This indicates that the densification has a substantial effect on the urban
hydrological cycle even though its effect is often neglected when estimating the effect
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Figure 13: Annual runoff coefficients (colored dots) as a function of precipitation (P )
for the no irrigation run in (a) Oakridge and (b) Sunset neighbourhoods in three
development periods: 1921–1930 (early), 1961–1970 (middle), and 2001–2010 (mature).
The shaded areas are nonsimultaneous functional bounds with 95% confidence level.
See section 3.6 for statistics explanation. Adapted from Paper III.
of urban development on the local hydrological conditions.
The severe air pollution in Beijing affects the local scale urban hydrological cycle espe-
cially during small daily precipitation totals (Paper IV). The air pollution attenuates
the incoming solar radiation by 167 W m−2 when comparing with cleaner conditions
(comparison of medians of midday K↓ of fairly clean conditions and extremely polluted
conditions, see Paper IV for explanation of air quality levels). This reduces surface
energy availability and evaporation by 0.42 mm day−1 (comparison of daily median
of fairly clean conditions and extremely polluted conditions; t-test p-value  0.01;
Figure 14f). However, the effect of for example vapour pressure deficit and changes in
soil water storage (i.e. availability of water) are not taken into account here and the
changes in the water balance are assumed to be caused solely by the reduced incoming
solar radiation.
Due to the decreased evaporation that modifies the water balance, the runoff coefficient
increases. During the most polluted days with lowest precipitation (0–25 percentiles of
daily precipitation totals) the runoff coefficient is largest on the daily median (0.097)
whereas significantly lower (0.039–0.049; t-test p-value from  0.01 to <0.05) during
the cleaner conditions when the air quality is stratified into four quantiles (Paper IV).
The higher amount of P during the cleaner days starts to dominate as the higher daily
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Figure 14: Box plot for (a–c) runoff coefficient from daily cumulative values and (d–f)
daily cumulative evaporation stratified by level of urbanization for (a,d) Oakridge and
(b,e) Sunset and by level of pollution for (c,f) Beijing. The early stage of urbanization
is period 1921–1930, middle 1961–1970 and mature 2001–2010. The pollution levels
are extremely polluted (AOD>1), polluted (0.438–1), low pollution (0.203–0.438) and
fairly clean air (<0.203). The notches indicate the 95% confidence levels.
precipitation totals are included in the analysis. When all the precipitation events are
included, the runoff coefficient during the cleaner conditions is significantly highest
(0.30, t-test p-value <0.05) and stays rather similar with other air quality levels (0.16,
0.10, 0.10 for extremely polluted air, polluted air and low pollution conditions; Figure
14c). The small increase in runoff coefficient during small daily precipitation totals
may not affect flooding substantially, but as the top urban soil layers are heavily
polluted in gardens, roadsides and residential areas in Beijing (e.g. Chen et al., 2005;
Xia et al., 2011), the surface runoff water has been shown to include significantly more
pollutants than rain water (Yufen et al., 2008). Therefore the hypothesis is that even
the small increase in runoff could presumably flush more of these pollutants from the
surfaces to urban water bodies. Decreased evaporation with poorer air quality is also
assumed to increase drainage (0.50–0.70 mm day−1 from fairly clean conditions to
extremely polluted conditions, t-test p-value for increase:  0.01) potentially causing
more infiltration to groundwater from surfaces on occasions where higher atmospheric
deposition had occurred. Thus, potentially increasing the pollutant loads.
Direct comparison of the results from Vancouver and Beijing is challenging due to
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different climate conditions and different types of urban areas (LCZ 6 and LCZ 1,
respectively). However, based on the results (Figure 14), in general the effect of haze
on local scale urban hydrological cycle is presumably much smaller than the effects
of urbanisation, densification and increased irrigation and therefore its effect is less
substantial for urban hydrology.
The increase of daily runoff coefficient due to urban development over the study period
is 0.45 in Oakridge and 0.30 in Sunset (comparison of the medians of early and mature
phase; Figure 14). The dominant effect of irrigation is evident in the daily cumulative
evaporation especially in Oakridge (Figure 14). The median evaporation during the
early phase, before irrigation has started, is at its lowest (0.56 mm day−1) and at
its highest during the middle phase (1.38 mm day−1) when the irrigation has met the
threshold, which after the effect of urbanisation, densification and irrigation restrictions
start to decrease it leading to evaporation of 1.02 mm day−1 during the mature phase.
The total change in evaporation due to urban development is 0.45 and 0.14 mm day−1
in Oakridge and Sunset, respectively (comparison of the medians of early and mature
phase).
The changes in daily cumulative evaporation due to urban development and air quality
are 30%, 14% and 21% in Oakridge, Sunset and Beijing, respectively, from the mean
daily evaporation (t-test p-values  0.01). The systematic error in EC observations
of latent heat flux is 8% and random error 18% (Paper I), and the changes induced
are close to the error limits of observations. This also emphasises the importance
of the numerical modelling in studying the subtle effects of the factors affecting the
hydrological cycle in urban environments, as it is possible to isolate certain effects and
study in detail the individual phenomena.
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5 Broader impacts and applications
The improved understanding in factors affecting urban hydrological cycle obtained in
this thesis can aid urban developers to estimate the changes induced by the urban
development on local scale urban hydrological cycle. Especially the subsequent densi-
fication, which often occurs without further planning after the initial urbanisation, is
often neglected by the urban developers. However, the results show that the effect of
densification on increased runoff is as substantial as the initial urbanisation. Therefore
it should be considered when designing sewer network for residential areas as otherwise
the pipe capacity might not be sufficient in the future after the densification of the
area.
In addition, an irrigation threshold which after garden irrigation does not benefit garden
areas in Vancouver was identified. A stricter irrigation regulation, which still would
allow enough water for the gardens to stay healthy, can be designed based on the result.
Similar method can be used also in other cities to determine the reasonable amount of
irrigation needed for the garden areas.
The improved understanding of the effects of haze on local scale urban hydrological
cycle provides important information for urban planners in highly polluted cities, since
changes due to haze could potentially have substantial impacts on the local water
cycle. Furthermore, the knowledge of the potential deterioration of urban water bodies
is important to practitioners who are trying to solve the problems related to increasing
pollutant loads in urban waters.
The used SUEWS model is part of the Urban Multi-scale Environmental Predictor
(UMEP; Lindberg et al., 2018), which is an easy to use GIS-software based climate
service tool designed for researchers and service providers. UMEP has also a built-
in possibility to download and use WFDEI data as meteorological forcing. Therefore
increased knowledge of the uncertainties in WFDEI data and the tested correction
methods as well as evaluation of SUEWS made in this thesis, benefits also the UMEP
developer and user communities.
The methods presented in this thesis can be applied globally and most of the data
used are open access data with a good global coverage. However, a proper evaluation
of the reanalysis data and SUEWS model parametrisation has to be performed when
applied to climate conditions different of the study sites used in this thesis. Thus,
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further research is needed in different climate conditions in order to determine SUEWS
model parametrisation suitable for various climates globally and to evaluate the qual-
ity of reanalysis data in different urban environments. However, the evaluation of the
WFDEI data and SUEWS in varying conditions is hard due to the lack of comprehen-
sive observations in urban areas. Therefore also more urban observations are needed
globally to increase the understanding and usability of the methods used in this thesis
in varying conditions.
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6 Review of papers and the author’s contribution
This thesis consists of four research papers (Figure 15). The uncertainties in EC obser-
vations that are commonly used in evaluation of land surface models are examined in
Paper I. The downscaling and correction of reanalysis data and evaluation of SUEWS
using eddy covariance observations are examined in Papers II and IV. The factors
affecting the local scale urban hydrological cycles are examined in Papers III and IV
using SUEWS with corrected reanalysis forcing data. The author was taking part in
planning of the research entity and individual papers. The author is solely responsible
for the summary part of this thesis.
Paper I is the first study to characterise the representativeness of single-point eddy
covariance flux observations in a densely built urban area in central Helsinki using a
combination of two identical EC systems close to each other. Using this method the
uncertainties in urban EC observations are examined and the obtained results can be
used as a rule of thumb when evaluating in general the representativeness of urban EC
measurements. The author was responsible for the measurements and contributed in
writing the manuscript.
Paper II evaluates SUEWS performance using downscaled reanalysis data against
eddy covariance observations in two cities (Vancouver and London) with different ur-
ban structures and climate conditions. Sensitivity tests of each meteorological variable
of reanalysis data are assessed. Special attention is given to the downscaling of precipi-
tation, since the results show that it is one of the most crucial variables in hydrological
modelling. The author contributed to the development of the downscaling code and
made most of the analyses and was also the main responsible for model runs and writing
the paper.
Paper III investigates for the first time in detail the most important factors affect-
ing local scale suburban water balance in Vancouver over a long period (1920-2010)
via determining the relative contributions of the impacts of land cover changes and
irrigation. This study is also the first to examine the effects of densification on urban
hydrological cycle at the scale of individual lots and buildings. The author was the
main responsible for determining the surface characteristics of the study areas, model
runs, analysing the results and writing the paper.
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Paper IV evaluates WATCH reanalysis data variables most crucial for hydrological
modelling in highly polluted urban environment in Beijing. Correction method for
incoming solar radiation is developed and evaluated using observations from the study
area. In addition SUEWS performance is evaluated using eddy covariance observations.
The effect of haze on local scale urban hydrological cycle is analysed using SUEWS
forced with corrected WATCH meteorological reanalysis data. The author was the
main responsible in development of the correction for accounting for the effect of haze,
model runs, the analyses of the results and writing the paper.
 
Figure 15: Relations of the papers to the studied aspects. The location of the gray
boxes indicate how the paper contributes on the topics.
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7 Conclusions
This thesis provides some of the first analyses of the dominant factors in the local scale
urban hydrological cycle by isolating individual processes to examine their relative
contribution to the urban water balance. The EC observations are commonly used to
evaluate the land surface models which emphasises the importance of understanding the
error sources in the observations. Thus, the uncertainties in urban EC measurements
are analysed. Urban hydrological and land surface models require high resolution
meteorological forcing data which are often lacking for the period of interest or at the
required spatial and temporal resolution. Reanalysis products can help by providing
the needed meteorological forcing, but proper evaluation and downscaling of the crucial
variables have to be made prior to usage of the data.
In this thesis Paper I analyses the uncertainties in eddy covariance measurements in
order to increase the understanding of its representativeness of the processes in the un-
derlying source area. The results show that latent heat flux is one of the most uncertain
variables to observe using this technique in urban environments. In addition, single
observation system installed in a non-ideal location, often used in urban environments,
leads to an underestimation of 8% in annual cumulative latent heat flux. This has to
be taken into account when evaluating the urban models using the EC observations
or analysing the subtle changes in urban hydrological cycle due to urban development
processes using EC technique. However, these errors are slightly larger, but in the same
magnitude as above vegetated environments. Thus the urban single-point observations
can provide useful and representative measurements even when the location of the EC
system is non-ideal.
The WFDEI reanalysis data are assessed as an input data to an urban energy and
water balance model SUEWS in Papers II and IV, and the most crucial variables
for correction are identified. From the sensitivity tests performed in Paper II, it is
clear that the precipitation has the largest impact on the modelled evaporation and
runoff in rather clear environments of Vancouver and London, while the incoming solar
radiation has largest biases in the polluted environment of Beijing (Paper IV). The
bias correction using quantile mapping (BCQM) applied for the WFDEI precipitation
decreases the overestimation of the modelled evaporation and runoff in Vancouver and
London. Since the effect of air pollution is not properly accounted for in WFDEI data,
a correction method is applied and evaluated. The corrected WFDEI data represent
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meteorological conditions well also in highly polluted Beijing.
In Paper III the SUEWS model forced with corrected WATCH reanalysis data, which
are evaluated in Paper II, are used in long-term analysis of urban hydrological cycle
in two suburban areas, Oakridge and Sunset, in Vancouver. The whole lifespan of
the two areas is examined from prior to urban development (1920) to when the areas
are fully developed modern day inner city suburban areas (2010). Garden irrigation
has the dominant impact on the suburban hydrological cycle over urbanisation and
densification. Annually surface runoff is linearly dependent on the amount of irrigation,
whereas evaporation increases linearly to a threshold value of approximately 300 mm
year−1 of irrigation, which after the excess water is going to runoff and does not benefit
the garden areas. Based on the results in Paper III, stricter irrigation restrictions
could be recommended, which would provide enough water for the garden areas, but
would prevent the excessive water use.
Furthermore, urbanisation and densification have substantially increased the runoff
coefficients. The impact of densification increases the runoff coefficient as much as the
initial urbanisation even though the increase of impervious surfaces is substantially
smaller due to densification. However, the effect of densification on hydrological cycle
is often neglected by the urban planners.
The detailed analysis of water balance terms finds that atmospheric pollution attenu-
ates K↓, which is expected to modify the water balance. The evaporation is decreasing
with the increasing air pollution, which increases runoff and soil infiltration especially
during smaller precipitation totals. The hypothesis is that this is expected to flush pol-
lutants from polluted surfaces and top layers of soil which leads to increased pollutant
loads in urban water bodies which are already poor in Beijing.
This thesis is the first study to examine the quality of WATCH reanalysis data in local
scale urban environment and to apply the needed corrections. This is also the first
to examine in detail the effects of different urban development processes on the local
scale urban hydrological cycle enabled by the hydrological simulations over the whole
life-span of residential areas in Vancouver and over a decade in a dense city centre in
polluted Beijing.
The improved understanding brings valuable information for urban planning allowing
the design of sustainable cities that can adapt and mitigate to the challenges induced
by urban development. In addition, the uncertainties of urban EC observations are
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analysed for the first time and the results can be used as a rule of thumb when evaluat-
ing the representativeness of urban EC observations. The land surface, ecosystem and
adaptation modelling communities as a whole benefit of the improved understanding
of the uncertainties of reanalysis data and the downscaling methods used. In addition,
the most direct benefit of the results and methods of this thesis is for the SUEWS mod-
elling, other land surface modelling and micrometeorological research communities, due
to the improved understanding of the evaluation of the models, the factors affecting
the urban hydrological cycle and the uncertainties and representativeness of the urban
EC observations. The methods presented in this thesis can be applied globally and
most of the data used are open access data with a good global coverage.
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